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Introduction
============

A key function of activated macrophages is to secrete cytokines, releasing these mediators in a tightly orchestrated manner to regulate the progression of an inflammatory response. The rapid production and secretion of TNFα by macrophages in response to microbial stimuli is central to induction of the early stages of inflammation, especially the recruitment of neutrophils. In addition to the protective role of TNFα during acute inflammatory responses, the overproduction or prolonged secretion of TNFα underlies the pathology of several chronic diseases, such as rheumatoid arthritis, graft-versus-host disease, and Crohn\'s disease ([@bib6]). For this reason, TNFα is the target of drugs and therapeutic antibodies, which are now increasingly used to treat these chronic inflammatory conditions ([@bib50]). Knowledge of the intracellular pathways responsible for TNFα trafficking and secretion could further aid drug development in this field. To this end, we recently defined the route for biosynthetic trafficking of membrane-bound TNFα and its release from activated macrophages ([@bib41]; [@bib37],[@bib38]; [@bib26]). Newly synthesized TNFα rapidly accumulates in the Golgi complex upon the stimulation of macrophages with lipopolysaccharide (LPS) and is then transported to an intermediate compartment, the recycling endosome, before delivery to the plasma membrane for secretion.

A second proinflammatory cytokine produced by activated macrophages is interleukin 6 (IL-6), which, lacking a transmembrane domain, is trafficked and secreted directly as a soluble protein. IL-6 is produced somewhat later in the inflammatory response and is important in the early resolution phase of innate responses and in the induction of acquired immunity ([@bib56]; [@bib5]; [@bib21]; for review see [@bib24]). The inappropriate or chronic production of IL-6 has also been implicated in several inflammatory diseases, in which it is often targeted, alone or in conjunction with TNFα, by drugs and antibodies ([@bib39]). In activated macrophages, the expression and secretion profiles for TNFα and IL-6 generally overlap, although in a sequential fashion ([@bib1]; [@bib30]). Nothing is currently known about the intracellular trafficking of IL-6. Therefore, the question begs as to whether soluble IL-6 is secreted via the same pathway as the membrane-bound TNFα and, furthermore, whether both cytokines rely on the same intracellular carriers and trafficking machinery.

In recent years, the combination of high resolution microscopy and live cell imaging of fluorescently tagged proteins has largely redefined the post-Golgi trafficking and sorting of biosynthetic cargo in polarized and nonpolarized cells. Importantly, these studies have demonstrated that biosynthetic cargo exits the TGN in pleomorphic, often tubular carriers that fuse with intermediate compartments in transit to the cell surface ([@bib40]; [@bib2]; [@bib33]; [@bib37]). All of the aforementioned studies implicate the recycling endosome as a way station for biosynthetic cargo and one wherein the cargo is likely sorted for transport to apical or basolateral membranes in polarized cells. The recycling endosome also, and more traditionally, handles cargo recycling from endosomal compartments to the cell surface, such as transferrin (Tfn) and Tfn receptor (TfnR; [@bib55]). The recycling endosome in epithelial cells is increasingly recognized as having roles in trafficking through endocytic, recycling, and exocytic pathways (for reviews see [@bib16]; [@bib58]). The recycling endosome in macrophages also subserves both endocytic and exocytic processes, resulting in the delivery of biosynthetic TNFα to the cell surface at sites of phagocytic cup formation ([@bib37]), along with the recycling endosome membrane required for extension and expansion of the phagocytic cup around captured microbes ([@bib4]; [@bib14]; [@bib37]). Although this represents a particularly efficient pathway for the release of TNFα, whether other cytokines are secreted via recycling endosomes and, indeed, via phagocytic cups is not known.

To address this, we directly compared the trafficking and secretion of endogenous and fluorescently tagged TNFα and IL-6 in activated macrophages. We show that IL-6 is loaded into tubulovesicular structures that bud off the TGN and fuse with recycling endosomes in transit to the plasma membrane. Surprisingly, in macrophages simultaneously producing TNFα and IL-6, it became clear that the trafficking of these two cytokines use overlapping but distinct trafficking pathways. Importantly, both TNFα and IL-6 are delivered to recycling endosomes but still maintain the ability to exit independently from this endosomal compartment.

Results
=======

Temporal secretion of IL-6 and TNFα in activated macrophages
------------------------------------------------------------

We have previously described the rapid production and secretion of TNFα from LPS-stimulated RAW264.7 macrophages ([@bib49]). Accumulation of TNFα precursors can be seen in the Golgi complex by 20 min, and secretion of TNFα can be detected as early as 40 min after LPS stimulation. A high level of secretion is maintained for 4--6 h before declining ([@bib49]). In response to LPS, low levels of the soluble cytokine IL-6 can also be detected in the supernatant of activated macrophages from 4 h ([Fig. 1 A](#fig1){ref-type="fig"}); however, its accumulation in the Golgi complex is not visible until 6 h after stimulation. Priming and activation of macrophages with IFNγ and LPS led to substantially higher levels of IL-6 secretion ([Fig. 1 A](#fig1){ref-type="fig"}) and high levels of intracellular IL-6 by 6 h after stimulation. Thus, there is a considerable temporal overlap in the secretion of these two proinflammatory cytokines from activated macrophages. Consistent with this, dual-color immunofluorescence microscopy revealed the simultaneous localization of both IL-6 and TNFα in the Golgi complex in macrophages stimulated with IFN and LPS for 6 h ([Fig. 1 B](#fig1){ref-type="fig"}). This localization of IL-6 and TNFα to the Golgi stacks was also confirmed by immuno-EM ([Fig. 1 C](#fig1){ref-type="fig"}).

![**Expression of IL-6 and TNFα in macrophages.** (A) RAW264.7 cells were stimulated with 100 ng/ml LPS and 500 pg/ml IFNγ, and samples of the medium were removed every 2 h over a 6-h time course. The graph shows the levels of IL-6 as determined by cytokine-specific ELISA secreted by macrophages over the time course. (B) Macrophages were activated with LPS and IFN for 6 h before fixation, permeabilization, and staining for intracellular IL-6 (red) and TNFα (green). Epifluorescence staining shows the coexpression of endogenous IL-6 and TNFα and their coaccumulation in the perinuclear Golgi complex. (C) Immuno-EM of newly synthesized cytokines in Golgi complexes (G), demonstrating IL-6--GFP (arrows) alone or together with TNFα (arrowheads), labeled with 5 or 10 nm gold particles as indicated. (D) Cells were activated with combinations of LPS and IFN for 6 h in the presence or absence of 5 μg/ml brefeldin A, and IL-6 in cell extracts was determined by Western blotting. Consistent with the ELISA data, increased levels of intracellular IL-6 are stimulated in the presence of IFN and LPS together, and disruption of the Golgi complex leads to the intracellular accumulation of IL-6. Bars (B), 5 μm; (C) 100 nm.](jcb1780057f01){#fig1}

A signal sequence in the translated IL-6 protein drives its delivery into the endoplasmic reticulum, but, to confirm its passage through the Golgi complex and the constitutive secretory pathway, macrophages were stimulated in the presence of brefeldin A, a drug known to disrupt the structure and secretory function of the Golgi complex. This treatment led to the substantial accumulation of intracellular IL-6 within activated macrophages ([Fig. 1 D](#fig1){ref-type="fig"}) and completely blocked IL-6 secretion into the medium (not depicted).

IL-6 exits the TGN in tubulovesicular carriers
----------------------------------------------

In fixed cells, endogenous IL-6 can be immunostained and clearly observed in the Golgi region ([Fig. 1 B](#fig1){ref-type="fig"}), but no other organelles or cytoplasmic vesicles containing this soluble cytokine were readily visible, probably because of the insufficient density of the cytokine during trafficking. Therefore, to track the secretory pathway of IL-6, we generated fluorescently tagged constructs containing the full-length sequence of IL-6 (GFP--IL-6 and mCherry--IL-6) and induced the expression of these constructs by transient transfection of macrophages. Within 4 h after transfection, high levels of fluorescently tagged IL-6 are visible within the Golgi complex ([Fig. 2 A](#fig2){ref-type="fig"}), where immuno-EM shows the soluble cargo accumulating in the dilated ends of Golgi cisternae ([Fig. 1 C](#fig1){ref-type="fig"}). IL-6--GFP was now also present in large vesicular structures throughout the cytoplasm. The fluorescently tagged IL-6 is actively secreted from macrophages even in the absence of exogenous stimulation, but higher levels are secreted from LPS-stimulated cells ([Fig. 2 B](#fig2){ref-type="fig"}). All IL-6 detected in this ELISA is presumably GFP tagged, as no endogenous IL-6 is secreted from mock-transfected cells, and, after LPS stimulation, only very low levels were detected at the 4-h time point (unpublished data). Thus, the expression of fluorescently tagged IL-6 is a suitable model with which to study IL-6 biosynthetic trafficking.

![**Trafficking of fluorescently tagged IL-6.** Macrophages were transfected with IL-6--GFP and activated with LPS and IFN for 4 h. (A) Epifluorescence image shows the localization of IL-6--GFP to the Golgi complex and in vesicular structures. (B) Secretion of IL-6 from transfected macrophages in the absence (control) and presence (+LPS) of LPS stimulation as measured by cytokine-specific ELISA. Error bars represent SEM of triplicate transfections in a single experiment. (C and D) Live imaging of transfected macrophages showing IL-6--GFP exiting the Golgi complex in both vesicular (C) and tubular (D) structures. In C, an intensity-based color display pallet was used to emphasize vesicular structures. In the enlarged images (magnified images of boxed areas), arrows are used to highlight single trafficking events or tubules. Bars, 10 μm.](jcb1780057f02){#fig2}

Live imaging of IL-6--GFP-transfected cells was performed to visualize its exit from the TGN and subsequent post-Golgi movement. As highlighted in [Fig. 2 C](#fig2){ref-type="fig"} and Video 1 (available at <http://www.jcb.org/cgi/content/full/jcb.200612131/DC1>), vesicular structures were readily observed leaving the brightly stained Golgi pool of IL-6--GFP. In addition, large tubular structures containing IL-6--GFP were observed in some cells as they exited the Golgi region. These structures were often maintained for \>30 s, and vesicular structures budding off the Golgi complex were also observed in these same cells ([Fig. 2 D](#fig2){ref-type="fig"} and Video 2). These carriers are similar in form and kinetics to those described previously for TNFα transport ([@bib37]), leading us to compare the trafficking of these cargoes.

IL-6 is loaded into post-Golgi carriers with and without TNFα
-------------------------------------------------------------

Live imaging of cells coexpressing TNFα-mCherry and IL-6--GFP was performed. Both TNFα-mCherry and IL-6--GFP were visualized exiting the TGN in tubular and vesicular carriers. However, the budding of carriers containing IL-6--GFP was more frequent than for those with TNFα-mCherry, and, most of the time, IL-6--GFP appeared as the sole cargo in budding carriers ([Fig. 3 A](#fig3){ref-type="fig"}). In contrast, carriers containing TNFα that budded off the TGN almost always contained IL-6 ([Fig. 3 B](#fig3){ref-type="fig"}). A single video depicting both of these trafficking events is provided as Video 3 (available at <http://www.jcb.org/cgi/content/full/jcb.200612131/DC1>).

![**IL-6 exits the TGN in carriers both with and without TNFα.** (A and B) Live epifluorescence dual-color imaging of macrophages transfected with TNFα-mCherry (red) and IL-6--GFP (green) demonstrating IL-6 leaving the TGN in a carrier devoid of TNFα (A) and in a tubule also containing TNFα (B). Cells were stimulated with LPS and IFNγ before imaging. In the enlarged images, arrows are used to highlight single trafficking events, and the time at which each still frame was collected is labeled. (C) Cell lysates of activated macrophages were fractionated to separate Golgi membranes and cytosol. Golgi membranes were then incubated with the cytosol in an in vitro Golgi budding reaction as described in Materials and methods. Samples from the budded vesicle fractions (labeled 1--9) were resolved and analyzed by Western blotting to detect γ-adaptin as a vesicle-associated protein and IL-6 and TNF as cargoes. Bar, 10 μm.](jcb1780057f03){#fig3}

A biochemical approach was also used to investigate the localization of TNFα and IL-6 in post-Golgi carriers. Golgi membranes were isolated from homogenates of macrophages stimulated with IFN/LPS for 4 h. Both pro-TNFα and IL-6 were readily detected in these Golgi fractions, which were then incubated in the presence of cytosol and GTPγs to induce budding of Golgi-derived membrane carriers. The resulting budded vesicles were then segregated into different populations by passage over a sucrose density gradient ([@bib20]; [@bib59]), and eluted fractions were assayed by Western blotting. IL-6 and TNFα were both present in subsets of the Golgi-derived vesicles that overlapped with the distribution of another vesicle-associated protein, γ-adaptin. IL-6 and TNFα appeared in an overlapping distribution but notably peaked in different vesicle fractions, with IL-6 vesicle carriers in heavier fractions than TNFα-containing carriers ([Fig. 3 C](#fig3){ref-type="fig"}). This result is consistent with the live imaging in showing that these two cytokines exit the Golgi complex in carriers that contain cytokines as individual or mixed cargo.

Peripheral structures containing both TNFα and IL-6 correspond to recycling endosomes
-------------------------------------------------------------------------------------

In live cells, vesicles budding off the TGN containing IL-6--GFP were observed fusing with large, preexisting stable compartments within the cytoplasm ([Fig. 4 A](#fig4){ref-type="fig"} and Video 4, available at <http://www.jcb.org/cgi/content/full/jcb.200612131/DC1>). In fixed macrophages, IL-6--GFP was also visible in these large peripheral structures, where, in many cases, it colocalized with either TNFα-mCherry or endogenous TNFα ([Fig. 4 B](#fig4){ref-type="fig"}). Quantification of these structures containing IL-6--GFP demonstrated that ∼70% colocalize with endogenous TNFα or with TNFα-mCherry ([Fig. 4 B](#fig4){ref-type="fig"}), identifying this as a common destination for both newly synthesized cytokines. In light of our previous work demonstrating that TNFα is delivered from the TGN to recycling endosomes ([@bib37]), we hypothesized that these large structures containing both TNFα and IL-6, as shown in [Fig. 4 B](#fig4){ref-type="fig"}, may represent recycling endosomes. Immuno-EM also confirmed the colocalization of TNFα and IL-6 to endosomes and large vesicular structures ([Fig. 4 C](#fig4){ref-type="fig"}). Among these structures were some containing IL-6 and TNFα together and others with only one cytokine. Of interest, IL-6 appears to consistently localize to the luminal face of the membrane, which is suggestive of membrane association.

![**A large proportion of vesicular IL-6 colocalizes with TNFα.** (A) Live epifluorescence microscopy of an IL-6--GFP-transfected macrophage showing fusion of a post-TGN carrier (red circles) with a large preexisting IL-6--containing structure (green circles), possibly a recycling endosome. A yellow circle highlights the resulting fused structure. An intensity-based color display pallet was used to emphasize vesicular structures, and the time each was captured is indicated. (B) High resolution confocal microscopy on macrophages cotransfected with IL-6--GFP (green) and TNFα-mCherry (red) revealed overlap in the localization of IL-6 and TNFα in structures toward the cell periphery (yellow arrows). Green arrows highlight structures that contain IL-6 alone. Quantification of colocalization revealed that in macrophages, ∼60--70% of the IL-6--positive structures also contain either endogenous TNFα or overexpressed TNFα. More than 20 IL-6--GFP-expressing cells were measured to generate each set of data, and error bars represent means ± SEM. (C) Immuno-EM of IL-6--GFP (arrows) and TNFα (arrowheads) labeled with 10 nm or 5 nm gold particles, respectively, in peripheral endosomes (E), some of which are in the vicinity of the plasma membrane (pm). Individual endosomes have IL-6--GFP alone or together with TNFα. Bars (A), 10 μm; (B) 5 μm; (C) 100 nm.](jcb1780057f04){#fig4}

To formally investigate the recycling endosome as a site for TNFα and IL-6 delivery, high resolution confocal microscopy was performed on cotransfected fixed cells. We have previously shown that vesicle-associated membrane protein 3 (VAMP3) is a reliable marker of recycling endosomes in macrophages ([@bib37]), with its expression leading to the localization of this SNARE protein to ringlike structures that represent recycling endosomes. Coexpressed IL-6--mCherry strongly localized to these VAMP3-positive ringlike recycling endosomes, as highlighted by the inset in [Fig. 5 A](#fig5){ref-type="fig"}. In other cases, the known recycling endosome cargo of internalized Tfn was used in conjunction with the overexpression of IL-6--GFP and TNFα-mCherry. [Fig. 5 B](#fig5){ref-type="fig"} clearly shows several structures that contain both GFP-TNFα and IL-6--mCherry (indicated by arrows) and also colocalize with internalized Tfn, which is consistent with their identity as recycling endosomes. The localization of IL-6 and TNFα in recycling endosomes was also confirmed by immuno-EM, in which the cytokines colocalized with TfnR ([Fig. 5 C](#fig5){ref-type="fig"}) in both peri-Golgi and more peripheral recycling endosomes. Quantification showed that 51% of labeled structures contained IL-6 alone, whereas 29% of TfnR-labeled endosomes were also colabeled for IL-6; this included structures in which the TfnR and IL-6 gold particles were at opposite ends of tubules. Similarly, 72% of labeled endosomes had TNFα alone, whereas 14% were colabeled with TfnR. Thus, a substantial proportion of recycling endosomes, or parts thereof, contain each cytokine as a single cargo.

![**IL-6 and TNFα colocalize in the recycling endosome.** (A and B) RAW264.7 cells were transfected with IL-6--mCherry and either GFP-VAMP3 (A) or GFP-TNFα (B) and activated with LPS and IFN for 4 h before fixation. In addition, to label transfected cells with Tfn (blue), macrophages were incubated in the presence of AlexaFluor647-conjugated Tfn (B). Cells were imaged via high resolution confocal microscopy. (A) A large proportion of IL-6--positive structures colocalize with the recycling endosome markers VAMP3 (A), endocytosed Tfn, and TNFα (B). In A, the insets highlight single ring-shaped VAMP3-positive structures containing IL-6. In B, colored arrows are used to highlight three recycling endosome structures containing all three cargo proteins. (C) Immuno-EM of IL-6--GFP, endogenous TfnR, and TNFα labeled with 5, 10, or 15 nm gold particles. Peri-Golgi (left) or peripheral (middle and right) recycling endosomes (RE) are labeled with TfnR, which is recycling from the plasma membrane (pm; right). IL-6--GFP or TNFα (arrows) colocalized with TfnR (arrowheads) in recycling endosomes. G, Golgi complex. Bars (A), 10 μm; (B) 5 μm; (C) 100 nm.](jcb1780057f05){#fig5}

Based on a fluorescence intensity line scan through several recycling endosomes ([Fig. 6 A](#fig6){ref-type="fig"}), we noted that Tfn did not always peak precisely with TNFα and IL-6, but, instead, all three proteins appeared in very close proximity. In the structures containing IL-6, the peak fluorescence overlaps tightly with the peak of TNFα ([Fig. 6 A](#fig6){ref-type="fig"}, structures 2 and 3), but Tfn fluorescence is more dispersed in these structures compared with those containing TNFα and Tfn alone ([Fig. 6 A](#fig6){ref-type="fig"}, structures 1 and 4). This raises two questions: are all three of these cargoes truly localizing to the same structure, and, if so, are they segregated within that structure?

![**Compartmentalization of endosomal structures containing IL-6, TNFα, and Tfn.** (A--C) Macrophages were transfected with fluorescently tagged IL-6 (C) or both IL-6--mCherry and TNF-GFP (A and B) and were subsequently incubated in the presence of fluorescently conjugated Tfn. In A, a fluorescence intensity line scan profile was generated along the red line, with fluorescence peaks for the four recycling endosomes highlighted. In IL-6--positive structures, the peak fluorescence appears to overlap with the peak of TNFα (structures 2 and 3), but the Tfn fluorescence is more dispersed in these structures compared with those containing TNFα and Tfn alone (structures 1 and 4). (B) Two confocal sections are shown highlighting recycling endosome structures, which are labeled A and B. The enlarged area represents a surface-rendered 3D image of the region highlighted. Images are viewed in the direction of the large arrows and in the cross section through the cell. This demonstrates examples of recycling endosomes with both overlapping and discrete domains for each of the markers. In C, transfected macrophages were additionally subjected to labeling using the DilC~18~(5)-DS lipophilic dye (blue) before incubation with Tfn (red) as described in Materials and methods. The enlarged area shows Tfn and IL-6 labeling separate domains within a single dye-positive endosomal structure (highlighted by white arrows). Bars (A), 5 μm; (B and C) 10 μm.](jcb1780057f06){#fig6}

To address these questions, two different approaches were undertaken. First, 3D reconstructions of recycling endosomes containing IL-6, TNFα, and Tfn were performed to access the distribution of cargo within these structures. Specified recycling endosomes were excised and subjected to surface rendering, allowing their visualization in 3D ([Fig. 6 B](#fig6){ref-type="fig"}). In structure A, IL-6 overlaps with TNFα, and Tfn appears to occupy a separate domain within this structure. In contrast, structure B contains substantial amounts of all three cargoes, but each occupies a separate domain, with very little direct overlap. These images clearly suggest the existence of the dynamic compartmentalization of cargoes within the recycling endosome. A second approach was used to confirm that cargoes are in a single recycling endosome. Cells expressing IL-6--GFP were sequentially incubated in the presence of the DilC18~(5)~-DS lipophilic dye followed by a chase period devoid of dye in which the cells were incubated with Texas red--conjugated Tfn. The lipophilic dye initially labels the plasma membrane, but, under this protocol, it is internalized into all surface-derived endosomes. In [Fig. 6 C](#fig6){ref-type="fig"}, a structure is highlighted where IL-6 and Tfn are found side by side but are linked within the same endosomal structure by the overlap of both cargoes with lipophilic dye. Thus, dye labeling helps to demonstrate that IL-6 and Tfn can exist in the same recycling endosome but occupy separate regions of the compartment. Collectively, our results show that IL-6 and TNFα are delivered to the same recycling endosome but can be segregated as cargo within the recycling endosome, with each also being able to be segregated from the internalized cargo Tfn. Thus, the recycling endosome has the potential to compartmentalize cargo.

SNARE-mediated trafficking of IL-6 via the recycling endosome
-------------------------------------------------------------

We have previously described a Q-SNARE complex consisting of Vti1b, syntaxin 7 (Stx7), and Stx6 on post-Golgi carriers that mediates the trafficking of TNFα from the TGN to the recycling endosome in activated macrophages ([@bib37],[@bib38]). In the present study, we sought to examine whether some of these SNARE proteins also function in IL-6 trafficking. Transient overexpression of the TGN-localized Q-SNARE proteins Stx6 and Vti1b led to significant increases (P \< 0.05) in the level of IL-6 secretion compared with controls or with cells transfected with an irrelevant SNARE, Stx2, or an unrelated TGN protein, mannose-6-phosphate receptor (M6PR; [Fig. 7 A](#fig7){ref-type="fig"}). In addition, siRNA knockdown of Stx6 and particularly of Vti1b significantly decreased (P \< 0.05) the level of IL-6 secretion in cultures in which 50--70% of cells demonstrated knockdown of the relevant gene ([Fig. 7 B](#fig7){ref-type="fig"}). Thus, it is likely that the same Q-SNARE complex, perhaps in addition to others, regulates the post-Golgi traffic of IL-6. VAMP3 on the recycling endosome is the complementary R-SNARE for this transport step, and its overexpression or siRNA knockdown both affect TNFα trafficking ([@bib37]). Transient overexpression of VAMP3 here resulted in a significantly increased (P \< 0.05) secretion of IL-6 ([Fig. 7 C](#fig7){ref-type="fig"}). Similarly, siRNA knockdown of VAMP3 decreased IL-6 secretion ([Fig. 7 D](#fig7){ref-type="fig"}). This is functional evidence that endogenous IL-6 is trafficked via the recycling endosome for secretion and that these SNAREs can regulate both TNFα and IL-6 trafficking.

![**SNARE and recycling endosomes in the trafficking and secretion of IL-6.** (A--F) Exocytic trafficking was altered in macrophages by the overexpression of specific SNAREs (A and C), their knockdown by specific siRNA (B and D), or by HRP inactivation of the endocytic compartment (E and F). After transfection or treatments, the macrophages were activated with LPS and IFN, the medium was collected 2 h and 6 h after stimulation, and the levels of IL-6 and/or TNFα, respectively, were determined by cytokine-specific ELISAs. (A and C) Overexpression of Stx6, Vti1b, and VAMP3 but not Stx2 led to increased levels of IL-6 secretion from macrophages. Bar graphs represent means ± SEM (error bars) of triplicate transfections. (B and D) Targeted knockdown of the Q-SNAREs Vti1b, Stx6, and VAMP3 by siRNA resulted in significant decreases in the level of IL-6 secreted from activated macrophages. Lysates of macrophages subjected to siRNA knockdown were blotted for Vti1b, Stx6, VAMP3, and the loading control protein glyceraldehyde-3-phoshphate dehydrogenase (GAPDH). Bar graphs represent mean ± SEM of triplicate siRNA transfections. (E) HRP inactivation of the endosomal compartment as described in Materials and methods blocked the secretion of both TNFα and IL-6. (F) In addition, after 6 h of stimulation, coverslips were fixed, stained for intracellular TNFα and IL-6, and the percentage of cells expressing each cytokine was determined. 10 low magnification images were captured per assay condition, each containing at least 50 cells, and the percentage of cells producing TNFα and/or IL-6 was calculated (D). Bar graphs represent mean percentages ± SEM of the individual images captured. \*\*, P \< 0.05.](jcb1780057f07){#fig7}

To test whether the recycling endosome is an essential intermediary for IL-6 secretion, an endosomal inactivation assay was performed as previously described ([@bib17]; [@bib2]; [@bib37]). Inactivation of recycling endosome function by sequestration and activation of HRP-Tfn blocks the secretion of TNFα, ([@bib37]), and, in this study, we show that IL-6 secretion is similarly and completely blocked under these same conditions ([Fig. 7 E](#fig7){ref-type="fig"}). This block occurs at a post-Golgi step at recycling endosomes because Golgi staining of IL-6 and TNFα is still visible in endosome-inactivated cells. Quantification shows a big increase in cells showing Golgi-accumulated TNFα and a small decrease in cells with Golgi-accumulated IL-6, perhaps revealing a difference in the accumulation of membrane-bound and soluble cargo under conditions in which subsequent trafficking and secretion are blocked ([Fig. 7 F](#fig7){ref-type="fig"}). Alternatively, this decrease in the number of cells producing IL-6 may result from the blockage of TNF secretion, which is known to have an autocrine effect on macrophages and enhance subsequent cytokine secretion. These results confirm that the recycling endosome has a pivotal functional role as an intermediate compartment during the secretion of cytokines from activated macrophages.

Differential trafficking of IL-6 and TNFα during phagocytic cup formation
-------------------------------------------------------------------------

We have recently shown that TNFα in the recycling endosome is trafficked to the phagocytic cup along with membranes recruited during phagocytosis ([@bib37]). Therefore, a central question becomes whether IL-6 is also delivered to the cell surface via the phagocytic cups. As soluble cargo, IL-6 is released immediately from cells, and it is not normally stained at the cell surface. Therefore, the movement of IL-6--GFP in the vicinity of phagocytic cups was examined in live cells. When videos of cells coexpressing VAMP3-GFP and mCherry--IL-6 were analyzed by particle tracking software, compilations of the tracks taken by these two proteins over time reveal different targeting ([Fig. 8 A](#fig8){ref-type="fig"}). Although VAMP3-GFP tracks show concerted movement toward and directly around a phagocytic cup, there are no mCherry--IL-6 tracks leading toward or even in the vicinity of the phagocytic cup in this and other examples. In no experiments using live or fixed cells did we detect IL-6 around or near phagocytic cups, suggesting that it and TNFα are segregated and are targeted distinctly upon exit from the recycling endosome. TNFα is delivered to the phagocytic cups, but IL-6 is not.

![**Delivery of TNFα and VAMP3 but not IL-6 or TfnR from recycling endosomes to the phagocytic cup.** (A) Dual-color live imaging of the phagocytosis of IgG-opsonized 3-μm latex beads by macrophages transfected with VAMP3-GFP (green) and IL-6--mCherry (red). An overview of all particle tracks over a 10-min time course (200 frames) is shown. The tracks were filtered so only those that were continuous for five or more frames are displayed. Each detected track is shown at its full length as a continuous color, with red sections being interpolated by the software to handle occlusion, exit, and entry of a particle along the trajectory. VAMP3 can be seen to have extensive movement around and toward the forming phagocytic cup, which is in contrast to IL-6, which never advances to the cup. The location of the particle being phagocytosed is indicated with an asterisk. (B) IFN-primed macrophages were incubated for 10 min with *C. albicans* and were fixed and stained with DAPI (blue; nucleus) and for F-actin (red; highlighting sites of phagocytic cup formation), VAMP3, TNFα, and transferrin receptor (TfnR). Top panels show phase-contrast images to highlight the location of the yeast. Boxed areas are enlarged to show staining at the actin-rich phagocytic cups. Bars (A), 5 μm; (B) 10 μm.](jcb1780057f08){#fig8}

The selective targeting of recycling endosome cargo to the phagocytic cup was also examined in the case of TfnR. Macrophages phagocytosing yeast could be seen with VAMP3-GFP and TNF-GFP at the actin-rich phagocytic cups, but, in contrast, TfnR was not concentrated at the cups ([Fig. 8 B](#fig8){ref-type="fig"}). This confirms that there is selective delivery of cargo such as TNFα to the phagocytic cup, but other cargo, such as IL-6 and TfnR, are excluded from movement to this site. This is a functional demonstration of cargo within the recycling endosomes being compartmentalized.

We also demonstrate that different cargo can exit the recycling endosome separately. In live cells coexpressing IL-6--GFP and TNF-mCherry, we see both cytokines together in recycling endosomes, and [Fig. 9 A](#fig9){ref-type="fig"} (also see Video 5, available at <http://www.jcb.org/cgi/content/full/jcb.200612131/DC1>) shows the exit of IL-6--GFP from this structure in a carrier but not of TNF-mCherry. In addition, in a macrophage undergoing phagocytosis of an IgG-coated bead, VAMP3 can be seen exiting a recycling endosome independently of IL-6, which is retained while VAMP3 moves in a carrier toward a phagocytic cup ([Fig. 9 B](#fig9){ref-type="fig"} and Video 6). Thus, cargo delivered to the recycling endosomes is compartmentalized, presumably undergoing sorting, and can then exit in specific carriers that are targeted to different destinations. The recycling endosome in the macrophage has final and selective control over the fate and destination of its proinflammatory cytokines.

![**Trafficking of IL-6 from recycling endosomes can be regulated independently of other recycling endosome functions.** (A) Dual-color live imaging of macrophages transfected with IL-6--GFP (green) and TNFα-mCherry (red). Enlarged images demonstrate the tubulation of a structure containing both TNFα and IL-6 (yellow arrows), with IL-6 alone budding off (white arrows) to form a new vesicle. (B) Dual-color live imaging of the phagocytosis of IgG-opsonized 3-μm latex beads by macrophages transfected with VAMP3-GFP (green) and IL-6--mCherry (red). Frames from the dual-color video were extracted to highlight the movement of vesicles containing VAMP3 (yellow arrow) but not IL-6, budding off a recycling endosome containing both cargoes (white arrows), and trafficking toward the phagocytic cup. The phagocytosing bead is highlighted with asterisks. Boxed areas are magnified at the right. Bars (A), 10 μm; (B) 5 μm.](jcb1780057f09){#fig9}

Discussion
==========

By examining endogenous IL-6 and fluorescently tagged IL-6 in live and fixed macrophages, we describe here, for the first time, the secretory pathway for the soluble cytokine IL-6. Fluorescent IL-6 was observed exiting the Golgi complex in tubulovesicular carriers, where it appeared as labeled cargo alone or in conjunction with TNFα. Overall, our results are in agreement with the limited observations of intracellular IL-6 in the literature, including an early study showing the costaining of TNFα and IL-6 in the Golgi complex of activated monocytes ([@bib1]) and electron microscopic labeling showing that, as a constitutive secretory product in mast cells, IL-6 was excluded from entry into secretory granules and was instead found clustered in small constitutive vesicles after leaving the Golgi complex ([@bib25]). Now, a major revelation in this study is that IL-6, upon leaving the Golgi complex, is trafficked to the recycling endosome before it is delivered to the cell surface. Moreover, we show that the recycling endosome represents a critical point of divergence for the cytokines IL-6 and TNFα, with TNFα but not IL-6 delivered to phagocytic cups. Compartmentalization of cargo within the recycling endosome underpins the individual exit and release of these cytokines, revealing new capacities and an important role for this organelle in orchestrating the macrophage immune response.

Fluorescent IL-6 is loaded into tubulovesicular structures budding from the TGN in live macrophages. The size, appearance, and kinetics of these carriers are consistent with carriers seen previously in macrophages labeled with TNFα as cargo, and they are also similar to post-Golgi carriers visualized in other cell types ([@bib42], [@bib43]; [@bib34]; [@bib37]). By immunofluorescence, EM, and biochemical analyses, we show that IL-6 is the lone labeled cargo in some carriers, whereas in other cases, it is in carriers that also contain TNFα. Although TGN-derived carriers containing fluorescent IL-6 were abundant (for example, see Video 3), those containing TNFα alone or IL-6 were seen less frequently. Thus, there is little apparent sorting of soluble cargo like IL-6 at the TGN, whereas membrane-bound TNFα must be actively sorted for more selective loading into carriers. This is also borne out by previous data from HeLa cells, in which we showed that TNFα is selectively loaded into only a subset of golgin-labeled carriers budding off the TGN ([@bib34]). In general, there is little understanding of how soluble cargo in constitutive secretory pathways is handled at the TGN. Other soluble cargo such as the lysosomal enzyme is sorted in the TGN by binding to M6PR for trafficking to endosomes ([@bib19]), and, in cells with regulated secretion, secretory products are clustered by binding to chromogranins in the TGN for loading into secretory granules ([@bib27]; [@bib3]). An earlier study suggests that in epithelial cells, soluble proteins are sorted in a pH-dependent compartment for polarized delivery to the cell surface ([@bib10]). Our current findings now highlight the fact that the TGN may not be the only place for the sorting of biosynthetic cargo such as cytokines. The recycling endosome, which is appropriately slightly acidic ([@bib54]; [@bib18]), must now also be considered as a possible sorting site for membrane-bound ([@bib45]) and soluble cargoes.

Several lines of evidence show that the post-Golgi carriers containing IL-6 are indeed delivered to recycling endosomes. First, overexpression or knockdown of the SNARE proteins Vti1b, Stx6, and VAMP3 affected the secretion of IL-6. We have previously shown that these proteins are part of the Q-SNARE complex (Stx6--Stx7--Vti1b) on the TGN with the cognate R-SNARE VAMP3 on recycling endosome membranes and that this complex regulates TNFα trafficking in macrophages ([@bib38]). Implicating these SNAREs also in IL-6 trafficking is consistent with both cytokines sharing some carriers and/or being trafficked in separate carriers regulated by the same SNAREs, although it is possible that additional SNARE complexes could be involved. VAMP3 function in IL-6 secretion confirms the recycling endosome as a post-Golgi destination for this cytokine. Second, by live cell imaging, fluorescently tagged IL-6 in tubular and vesicular carriers budding off the TGN was frequently observed fusing with preexisting recycling endosomes in the cell periphery. In these same structures, IL-6 was colocalized with recycling endosome markers, including VAMP3 and endocytosed Tfn. Finally, inactivation of the recycling endosome completely ablated the secretion of IL-6, showing that this is a requisite compartment en route to the cell surface for newly synthesized IL-6. The direct delivery of all or most of IL-6 to the recycling endosome is in agreement with the transport of other biosynthetic cargo from the TGN to this compartment, including TNFα in macrophages and endothelial cadherin and vesicular stomatitis virus-G in epithelial cells ([@bib2]; [@bib34]). IL-6 is the first example of a constitutively transported soluble cargo trafficking to the cell surface via the recycling endosome, and, as such, it underscores the diverse roles played by the recycling endosome in exocytosis.

The recycling endosome handles cargo from both endocytic/recycling routes as well as exocytic cargo (for review see [@bib58]). In the present study, we present evidence that IL-6 and TNFα converge with recycling Tfn and with the resident SNARE VAMP3 within recycling endosomes. Importantly, however, all three of these cargo proteins appear to be partially segregated within this compartment based on colocalization and image reconstruction in fixed and live cells. This compartmentalization differentiates not only recycling and exocytic cargo but even segregates different exocytic cargo within the same structure. Live imaging and image reconstructions demonstrate that such a compartmentalization of cargo is an extremely dynamic process, with cargo-rich domains that continuously merge and then segregate (Video 3). Mechanisms for sorting and compartmentalizing the membrane-bound cargoes such as TNFα and Tfn/TfnR can be envisioned, but very little is known about how soluble proteins are or could be sequestered ([@bib46]; for review see [@bib16]). It is possible that surface receptors for IL-6, such as IL6R or gp130 ([@bib28]), could be involved, but this awaits further investigation. In addition, it is notable that IL-GFP switched from accumulating in the lumens of Golgi cisternae to being on the luminal face of recycling endosome membranes in our immuno-EM images. This is suggestive of membrane association that could provide a mechanism for IL-6 in sorting at the level of the recycling endosome.

The concept of having compartmentalized recycling endosomes is already soundly established within the literature, particularly with reference to the membrane-associated trafficking machinery. Light, fluorescence, and EM studies show this to be a highly reticulated and tubular compartment ([@bib57]; [@bib14]; [@bib2]; [@bib34]). It has a complex and segmented molecular landscape with multiple resident GTPases such as Arf6 and the Rab11 subfamily proteins ([@bib11]; [@bib48]; [@bib44]). Members of the Rab11 family demark different compartments of the recycling endosome in MDCK cells with the locations of Rab11a and Rab25 distinct from that of Rab11b ([@bib32]). Similarly, the large Rab11-FIP family of Rab11a effectors offers many opportunities for further spatial and functional complexity, as does another Rab11 effector, myosinVb, which has also been shown to differentially regulate different cargo trafficking through the recycling endosome ([@bib35]; [@bib31]; [@bib23]). Resident recycling endosome markers such as Rab11 and the SNARE VAMP3 only partially colocalize with Tfn as cargo ([@bib57]; [@bib54]). A targeted fluorescence method used by [@bib54] showed only a 20--30% overlap between Tfn and VAMP3 on pericentriolar recycling endosomes. There is also a dynamic overlap or continuity of recycling endosomes with early endosomes, as demonstrated by the sequential but overlapping distributions of Rabs 11, 4, and 5, portending the possibility of recycling endosomes being part of a continuous tubular network ([@bib15]; [@bib57]; [@bib54]; [@bib52]; [@bib7]). Thus, the complex handling and segregation of cargoes within the recycling endosome that we show here now suggests a functional consequence for this array of machinery found associated with these membranes.

TNFα and IL-6 are both proinflammatory cytokines that are secreted temporally in overlapping profiles from macrophages, but, because both cytokines have different immune functions, it is important for their secretion to be tightly coordinated throughout the inflammatory response. In this study, we show for the first time that the secretion of these cytokines can be differentially regulated at the level of intracellular trafficking in addition to their known regulation at the transcriptional and translational levels ([@bib29]). Similarly, [@bib22] recently identified the existence of two separate exocytic pathways for the targeted or polarized trafficking of cytokines to the immunological synapse or to the entire plasma membrane in activated T cells. This bears analogy to the targeted delivery of TNFα directly to the phagocytic cup and the more generalized secretion of IL-6, which is shown here in macrophages. It is not known whether the recycling endosome is involved in the differential trafficking of cytokines in T cells, as we show here for macrophages. Our results may also be comparable with the differential release of IL-4 and -12 from eosinophil crystalloid granules ([@bib36]; [@bib53]). In these granules, IL-4 is selectively mobilized to move from the granules into secretory vesicles by IL-4Rα after the stimulation of eosinophils ([@bib53]). Such examples highlight the importance for immune cells to independently regulate and release cytokines. Indeed, by analogy, we propose that this is a function assigned to recycling endosomes in macrophages, which, unlike granulocytes, do not have granules for packaging and selective release of cytokines.

Unlike TNFα, the secretion of IL-6 was not linked to the formation of phagocytic cups. This possibly reflects the temporal nature of cytokine secretion, with an essential role for TNFα in very early inflammation, whereas IL-6 is important during the transition from innate to adaptive immunity (for review see [@bib24]). Our studies to date do not help define the location or nature of the cell surface sites to which IL-6 is delivered for release. Tracking fluorescently tagged IL-6 during its delivery to the plasma membrane has not yet revealed any particular feature or special sites for plasma membrane fusion. There may well be organization of IL-6 secretion sites at the level of membrane lipid microdomains, as there is for TNFα ([@bib26]), or exocyst-demarked delivery sites, as seen on the apico-lateral membranes of epithelial cells ([@bib60]; [@bib46]). Interestingly, we also found that TfnR in recycling endosomes is not delivered to the actin-rich phagocytic cups. The cognate delivery of VAMP3 and TNFα to the cups and the concomitant exclusion of IL-6 and TfnR is evidence once again that sorting occurs in the recycling endosomes. Importantly, it shows that the recruitment of recycling endosome membrane for the formation of phagocytic cups at the cell surface occurs in a highly selective fashion, perhaps being designed to ensure that other trafficking and other cell functions can proceed unfettered by the onset of phagocytosis. It also highlights the temporal nature of phagosome maturation, a process that requires the sequential recruitment of different organelles in a SNARE-mediated fashion ([@bib4]; [@bib13]; [@bib8]). Although TfnR is excluded from early stage phagocytic cups, it can appear in more mature phagosomes ([@bib12]), suggesting that the recycling endosome plays a dynamic and evolving role throughout the phagocytic process.

In conclusion, the results shown in this study demonstrate the differential trafficking and secretion of cytokines from activated macrophages. Aspects of the post-Golgi trafficking that are shared or not shared by IL-6 and TNFα may suggest strategies for the joint or separate therapeutic targeting of these cytokines in inflammatory disease. A new route is demonstrated for IL-6 trafficking, one including recycling endosomes as a way station and possible sorting site. Our studies suggest that mechanistically, sorting and compartmentalization of cargo within the macrophage recycling endosome enables the differential secretion of these proinflammatory cytokines and helps orchestrate the immune response.

Materials and methods
=====================

Antibodies and reagents
-----------------------

The following primary antibodies were used: rabbit polyclonal antibody to mouse IL-6 (Serotec), rabbit polyclonal and rat monoclonal anti--mouse TNFα antibodies (Calbiochem and Auspep, respectively), monoclonal antibodies to Stx6 and Vti1b (Translabs; BD Biosciences), monoclonal antibody to TfnR (Zymed Laboratories and Invitrogen), and a polyclonal rabbit antibody to VAMP3 (Abcam). Secondary antibodies used for immunofluorescence microscopy include Cy3-conjugated sheep anti--mouse IgG, Cy3-conjugated goat anti--rat IgG, and Cy3-conjugated goat anti--rabbit IgG, which were all purchased from Jackson ImmunoResearch Laboratories, as well as AlexaFluor488-conjugated goat anti--rat IgG and AlexaFluor647-conjugated goat anti--mouse IgG, which were both purchased from Invitrogen. Tetramethylrhodamine- and AlexaFluor647-conjugated Tfn and the DilC~18~(5)-DS lipophilic dye were purchased from Invitrogen. LPS from *Escherichia coli* serotype 0111:B4 was purchased from Sigma-Aldrich. IFNγ was purchased from R&D Systems.

Cell culture and transfection
-----------------------------

RAW264.7 murine macrophages were cultured in RPMI 1640 medium (BioWhittaker) containing 10% heat-inactivated Serum Supreme (BioWhittaker) and 1% [l]{.smallcaps}-glutamine (Invitrogen) as previously described ([@bib49]). Macrophages were activated by the addition of 100--1,000 ng/ml LPS or 500 pg/ml IFNγ/LPS.

Full-length constructs of M6PR, TNFα, and the SNAREs Stx2, Stx6, VAMP3, and Vti1b were cloned into the pEGF-C1 vector (CLONTECH Laboratories, Inc., and BD Biosciences) to produce an N-terminal GFP-tagged protein as previously described ([@bib37]). TNFα and VAMP3 were also cloned into the pCherry-C1 vector (provided by R.Y. Tsien, University of California, San Diego, La Jolla, CA). IL-6 was cloned into the pGFP-N1 vector and the pCherry-N1 vector (adapted from the pCherry-C1 vector) to produce proteins that were C terminal tagged with either GFP or mCherry, respectively.

Macrophages were transfected for the transient expression of cDNAs by either electroporation or LipofectAMINE 2000 (Invitrogen). For electroporation, using an electroporation system (Gene Pulser II; Bio-Rad Laboratories), 2.5 × 10^7^ cells were mixed with 10 μg DNA with a high capacitance setting (280 mV and 950 μF). Cells were then washed and typically cultured for 2--24 h before stimulation and/or imaging. For transfection with LipofectAMINE 2000, 15 μl of the reagent was mixed with 4 μg DNA in Opti-MEM (Invitrogen) per P6 plate containing 2 × 10^7^ adherent cells. After 2 h, the cells were washed and further cultured for at least 1 h in complete medium before stimulation/imaging.

Tfn and lipophilic dye uptake
-----------------------------

To label the recycling endosome, RAW264.7 cells were incubated with 10 μg/ml AlexaFluor647-conjugated Tfn in media for 15--60 min at 37°C before fixation in 4% PFA. Alternatively, cells were washed twice in serum-free media before the addition of 1 μM of the DilC~18~(5)-DS lipophilic dye, diluted in Opti-MEM (Invitrogen), and incubated for 5 min at 37°C followed by 15 min on ice. Unbound dye was removed by washing the cells three times in complete media before the addition of 10 μg/ml tetramethylrhodamine-conjugated Tfn in media and incubation for 20 min at 37°C. Finally, cells were washed before fixation in 4% PFA.

Assays for measuring IL-6 and TNFα production and secretion
-----------------------------------------------------------

The trafficking of TNFα and IL-6 from the Golgi complex to the cell surface was measured using an immunofluorescence-based assay. In brief, macrophages were incubated in the presence of 100 ng/ml LPS or 500 pg/ml IFN/100 ng/ml LPS for 4--6 h, fixed in 4% PFA, permeabilized with 0.1% Triton X-100, and stained by immunofluorescence for cell surface and intracellular TNFα (as previously described; [@bib37]) and IL-6. In some experiments, 5 μg/ml brefeldin A was added to the macrophages for the final 2 h of incubation. To determine the levels of secreted TNFα and IL-6, commercial ELISA kits (BD OptEIA; BD Biosciences) were used according to the manufacturer\'s instructions. In addition, to determine the levels of total IL-6 and TNFα within activated macrophages, cell lysates were prepared at the end of each time point and analyzed by Western blotting as described in Preparation of cell lysates, SDS-PAGE, and Western blotting.

Phagocytosis assays
-------------------

In some experiments, macrophages were primed for 18 h in the presence of 500 pg/ml IFNγ before their incubation with live *Candida albicans* (at a ratio of 10 yeast per macrophage). Plates were briefly spun at 50 *g* for 2 min to encourage yeast--macrophage interactions, and a chase period of 5--20 min was performed at 37°C to allow phagocytosis to proceed. For live cell imaging, IgG-opsonized beads were added directly to the media immersing the imaging macrophages, and the videos were collected for up to a further 30 min.

Preparation of cell lysates, SDS-PAGE, and Western blotting
-----------------------------------------------------------

RAW264.7 cells were washed three times with PBS and lysed in buffer A (10 mM Tris, pH 7.4, containing 1 mM EDTA, 0.5% Triton X-100, and Complete protease inhibitors \[Roche\]). Cells were harvested by scraping followed by disruption via passaging through a series of successively smaller needles and centrifuged for 10 min at 17,000 *g*. The supernatant was assayed for protein content (Bio-Rad Laboratories protein assay), and 20--50 μg of total protein from each sample was subjected to SDS-PAGE separation and analyzed by immunoblotting.

Indirect immunofluorescence and live cell epifluorescence imaging
-----------------------------------------------------------------

For indirect immunofluorescence, RAW264.7 cells were grown on glass coverslips before fixation in 1--4% PFA for 90 min. After fixation, the coverslips were washed in PBS and, if required, were permeabilized in 0.1% Triton X-100 for 5 min. Cells were then stained with appropriate primary and secondary antibodies before mounting in 50% glycerol containing 1,4-dazabiccyclo-2,2,2-octane (Sigma-Aldrich). Epifluorescence still images were captured on an inverted microscope (IX71; Olympus) with a 100× oil objective and a 12-bit 1,280 × 1,024-pixel CCD camera (IMAGO Super VGA; TILL Photonics). Confocal images were captured on a microscope (LSM510 META; Carl Zeiss MicroImaging, Inc.) using optical spectral separation or digital emission fingerprinting. Single images were captured with an optical thickness of 0.7--1.7 μm, and, for z series, a 0.34--0.7-μm step interval was used. Analysis was performed using LSM510 META software (Carl Zeiss MicroImaging, Inc.) and Photoshop CS2 (Adobe). For 3D reconstructions, the area of interest was extracted, and each cargo was surface rendered using the LSM510 META software. The thresholds for the fluorescent intensity of each channel were carefully adjusted to most closely represent the signal strength of the original 2D images collected.

For live cell experiments, cells were cultured on 25-mm round glass coverslips or in glass-bottom 35-mm dishes (MatTek Corporation). Live cell epifluorescence imaging was performed using inverted microscopes (IX71 or IX81; Olympus). Coverslips were mounted in a temperature-controlled heating block, warmed to 37°C, and maintained to within ±0.2°C using a heated water bath or with cells in MatTek dishes maintained at 37°C by use of a microscope incubator (Solvent Scientific). In both cases, the cells were incubated in CO~2~-independent medium containing 10% heat-inactivated FCS ([@bib34]). Fluorophore excitation was achieved with a Xenon lamp-based monochromatic light generator (Polychrome IV; TILL Photonics) controlled by a digital signal processor board (TILL Photonics) on the IX71 microscope and an illumination system (MT20; Olympus) on the IX81 microscope. Images were captured through either a UPlanSApo 60×/NA 1.35 or 100×/NA 1.40 oil objective (Olympus). A 12-bit 1,280 × 1,024-pixel camera (IMAGO Super VGA; TILL Photonics) was used to capture the images on the IX71 microscope, and a 12-bit 1,376 × 1,032-pixel high resolution camera (F-VIEW; Olympus) was used on the IX81 inverted microscope. For single-color videos, frame capture rates were between 200 and 2,000 ms, with total capture periods ranging from 2 to 45 min. For dual-color videos, individual channels were captured sequentially, with typical capture rates of 100--1,000 ms for GFP and capture rates of 80--400 ms for mCherry. Importantly, the GFP signal was captured first, followed by mCherry. Image control and postcapture image analysis were performed using either TILLVISION (TILL Photonics) or CelR v2.5 software (Olympus).

Videos were analyzed, cropped, and constructed using ImageJ v1.37p (National Institutes of Health), Volocity v3.7 (Improvision), Photoshop CS2 (Adobe), and TILLVISION software and were exported as QuickTime videos (Apple) with a playback speed of 10 frames per second. An additional ImageJ plugin, ParticleTracker, was used for automated detection and tracking of particles recorded by video imaging ([@bib47]). 200 frames were analyzed for each channel, the particle radius was set at two pixels, and the maximum pixel displacement allowed between frames for particles was two. The resulting detected particles and their tracks were filtered so only those that were continuous for five or more frames were displayed on an overlay of the channel. Each detected track is shown at its full length as a continuous color, with red sections being interpolated by the plugin to handle occlusions ([@bib47]).

Golgi isolation and in vitro vesicle budding assay
--------------------------------------------------

A stacked Golgi membrane fraction and subsequent in vitro budded Golgi-derived vesicles were prepared from RAW264.7 cells stimulated with 100 ng/ml LPS for 6 h by density gradient centrifugation based on previously published methods ([@bib20]; [@bib59]). The resulting fractions were analyzed by SDS-PAGE and immunoblotting.

siRNA treatment
---------------

RAW264.7 cells plated on glass coverslips were subjected to two rounds of transfection of siRNA constructs using LipofectAMINE 2000 (Invitrogen) according to the manufacturer\'s instructions, each 24 h apart, and were finally cultured for a further 24 h before LPS stimulation. The following siRNAs were used in these experiments: scramble (siRNA ID\# 4635), glyceraldehyde-3-phosphate dehydrogenase (ID\# 4631), mouse VAMP3 (ID\# 186990), Vti1b (ID\# 184555), and Stx6 (ID\#7 5897). All constructs were purchased from Ambion. Western blotting and immunofluorescence were used to confirm the knockdown of the target proteins.

Endosomal inactivation assay
----------------------------

An HRP inactivation assay was modified from the protocol of [@bib2] and as previously described ([@bib17]; [@bib37]). In brief, RAW264.7 cells were incubated with 10 μg/ml Tfn-HRP in media for 30 min in the dark at 37°C. Cells were washed twice in ice-cold PBS, and surface-bound Tfn-HRP was removed by two 5-min washes with 0.15 M NaCl and 20 mM citric acid, pH 5. Cells were then washed twice with ice-cold PBS and incubated in the dark for 1 h with PBS containing 0.1 mg/ml DAB and 0.025% H~2~O~2~ to the inactivation sample (the control contained DAB but no H~2~O~2~). Cells were finally washed twice in PBS containing 1% BSA to stop the reaction and were incubated in prewarmed media containing 500 pg/ml IFN and 100 ng/ml LPS for 6 h at 37°C. Supernatant was collected after 2 h and 6 h to determine the level of TNFα and IL-6 secretion, respectively. Coverslips were fixed in 4% PFA and immunostained for internal TNFα and IL-6.

EM and immunogold labeling
--------------------------

Immuno-EM of ultrathin cryosections was performed as previously described ([@bib9]). In brief, after fixation in 4% PFA (EM grade; ProSciTech), RAW264.7 cells were embedded in warm gelatin and frozen onto cryostubs. Ultra-thin cryosections were collected onto copper grids and immunolabeled according to [@bib51]. Antibodies were detected with either different-sized protein A--gold conjugates (provided by J. Slot, University of Utrecht, Utrecht, Netherlands) or species-specific gold probes (British BioCell, Australian Laboratory Services). Sections were viewed on an electron microscope (model 1011; JEOL), whereas images were captured using the iTEM analysis program (Soft Imaging System).

Online supplemental material
----------------------------

Video 1 shows IL-6 exiting the Golgi in a budded vesicle. Video 2 shows IL-6 exiting the Golgi in vesicular and budded vesicles. Video 3 shows that IL-6 exits the TGN in carriers both with and without TNF. Video 4 shows IL-6 exiting the Golgi in a budded vesicle and fusing with the recycling endosome. Video 5 shows that IL-6 exits the recycling endosome without TNF. Video 6 shows that IL-6 does not traffic to the forming phagocytic cup. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.200612131/DC1>.
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